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Edited by Sandro SonninoAbstract The thermal behaviour of phospholipid multilamellar
vesicles (MLV) made of various molar percentages of DPPC
and LPPC, containing also oxidized LPPC (LPPCox), was
studied by use of EPR spectroscopy and n-DSPC spin label in
order to determine variations in the membrane ﬂuidity brought
about by lipid oxidation. Experimental variables were tempera-
ture, ranging from 4 to 44 C, and molar percentage composition
of DPPC/LPPC/LPPCox ternary mixture. We found that the
presence of LPPCox in a percentage higher than both normal
phospholipids heavily hindered membrane formation, while
lower percentage of the oxidized lipid with higher DPPC per-
centages yielded two-components EPR spectra, showing the
presence of two diﬀerent ﬂuidity domains, indicative of
membrane phase separation. When LPPC was the dominant
lipid in the ternary mixture, simple EPR spectra were observed,
indicating homogeneity of MLV membranes. Phase separation
observed in the presence of LPPCox was better visible at lower
temperature (12 C or less), and almost disappeared with
increasing temperature (36 C or more). Furthermore, the corre-
lation time of 16-DSPC in ternary mixture MLVs with higher
LPPC percentage (homogeneous membranes) was not aﬀected
by the presence of LPPCox, while it normally increased upon
DPPC percentage increase, as readily calculated from the
EPR spectra featuring simple bands at 24 C. It is concluded
that oxidized lipid induces phase separation in more rigid
DPPC-rich membranes, while leaving ﬂuidity unaﬀected in more
ﬂuid LPPC-rich membranes, and at higher temperature.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Phospholipid peroxidation is a consequence of oxidative at-
tack to membranes by reactive oxygen species (ROS). As a re-
sult, variable amounts of oxidized phospholipids develop in
the membrane bilayer, as generically indicated by the associ-
ated production of MDA via oxidative breakdown of the bis-
allilic structures of poly-unsaturated acyl chains. Oxidized
phospholipids contain a roughly deﬁned ensemble of variouslyAbbreviations: ROS, reactive oxygen species; n-DSPC, b-n-doxylstea-
royl-lecithin; DPPC, dipalmitoyl-lecithin; LPPC(ox), (oxidized) linol-
eoyl-palmitoyl-lecithin; DLPC, dilinoleoyl-lecithin; EPR, electron
paramagnetic resonance
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hyde, hydroperoxyl and hydroxyl groups [1–3]. Such phospho-
lipid molecules cannot be expected to behave the way normal
ones do in the bilayer, nor they can be expected to leave the
bilayer properties unchanged [4–6]. On the other hand, pecu-
liar bilayer properties are required to ensure proper phospho-
lipid–phospholipid and phospholipid–protein interaction so
that the delicate machinery of the lipo-protein membrane
can exert optimal functioning [7,8]. It is at this level that lipid
peroxidation becomes of concern to pathologies traceable back
to oxidative stress [9,10].
Our previous studies were aimed at elucidating how lipid
peroxidation impacts onto phospholipid bilayer properties.
Those studies pointed out that oxidation of phospholipids,
whatever its source – chemical, mitochondrial (in vitro), or
pathological (in vivo model) – always produced molecular dis-
order into the bilayer evidenced as an anisotropy loss in the
electron paramagnetic resonance (EPR) spectrum of 5-DSPC
enclosed in oriented phospholipid bilayers on a planar glass
support [4]. Nonetheless, a question still remains open: why
in our samples we never observed membrane rigidiﬁcation as
frequently reported by other authors [11,12]. The question
prompted us the present study, aimed at clarifying the thermal
behaviour of oxidized phospholipid bilayers. Multi-lamellar
phospholipid vesicles (MLV) composed of variable mixtures
of dipalmitoyl-lecithin (DPPC) and linoleoyl-palmitoyl-leci-
thin (LPPC), containing also oxidized LPPC (LPPCox) in var-
ious percentages were studied at various temperatures by use
of 5- and 16-DSPC spin labels and EPR spectroscopy. It will
be shown that within certain percentage and temperature
ranges EPR spectra appear to be composite, displaying spec-
tral duplicity similar to that observed in membranes containing
two coexisting phases [13,14]. Increasing the temperature and/
or the LPPC percentage results in single EPR spectra, hence
complete mixing of the phases observed at lower temperature.
We conclude that lipoxidation produces lipid phase separation
in membranes rather than rigidiﬁcation, and that coexisting
phases are no longer observable as the experimental tempera-
ture and the unsaturation degree brings the membrane in a
ﬂuid state, which is always the case with highly unsaturated
low-melting natural membranes at room temperature.2. Materials and methods
2.1. Materials
All phospholipids and fatty acid spin labels were purchased from
Sigma; solvents were Baker HPLC grade. Lichroprep RP18
(40–63 lm) silicagel and analytical 0.2-mm thick TLC chromatoplates
were from Merck.ation of European Biochemical Societies.
Fig. 2. Composition diagram for DPPC/LPPC/LPPCox mixtures. The
proposed membrane structure at 24 C is also indicated.
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Oxidation of LPPC was performed as already described [4]. LPPCox
was puriﬁed by ﬂash-chromatography through RP18 Silicagel re-
versed-phase columns packed with the Bu¨chi Cartridger. Two 12-cm
long (1-cm i.d.) columns were coupled in series and eluted at 12 ml/
min with CH3OH/(C2H5)2O/H2O 95:5:2. The eluant was simulta-
neously monitored at both 206 nm (kmax for LPPC) and 235 nm (kmax
for LPPCox ) with a Cary 50 UV–Vis spectrophotometer equipped
with a Hellma continuous-ﬂow cuvette. Fractions containing LPPCox
eluted between 2.5- and 5.5-min retention time and were separated
from residual (5–10%) LPPC eluting between 9 and 13 min.
Spin labelled PC was obtained by coupling n-doxyl-stearic acid
(n = 5,12,16), to lyso-palmitoylPC by the method of Boss et al. [15].
Pure phospholipid spin labels were collected after ﬂash chromatogra-
phy as above, between 9- and 13-min retention time. Phospholipid pur-
ity was checked also by TLC with CHCl3/CH3OH/H2O 65:25:4
running solvent, and their amount was determined by the phosphorus
assay according to Nakamura [16].
2.3. Preparation of membranes
MLV were prepared in 100 mM KCl, 10 mM Tris–HCl, pH 8 (N2-
saturated) buﬀer as described in [17]. When present, aggregates were
detected and removed by ﬁltration through a small Sephadex G50
Superﬁne bed in a Pasteur pipette. The presence of micelles was re-
vealed by gel ﬁltration through a 15-cm long (1-cm i.d.) Sepharose
4B column [18,19], using the same buﬀer at 10 ml/h ﬂow rate. As it
is visible in Fig. 1, the fore-running elution peak, revealed by monitor-
ing the eluant as above at 300 nm, contained micelle-free MLV, while
micelles eluted much later. Phase-contrast microscopy of the leading
peak fractions conﬁrmed the presence of a homogeneous population
of particles spanning about 2-lm diameter.
2.4. EPR measurements
EPR spectra were scanned on centrifuged MLV pellets (refrigerated
desktop centrifuge, 8000 rpm, 10 min) in glass capillaries. A Dewar in-
sert was ﬁtted into the cavity for variable temperature measurements.
The temperature was varied from 4 to 40 C, step 4 C, and checked by
a thermocouple inside the cavity. Spectrometer settings were:
327.5 ± 6 mT magnetic ﬁeld, 100 KHz, 0.2 mT modulation frequency
and amplitude, 20 mW radiating ﬁeld power at 9.03 GHz frequency.3. Results
The measurements plan is depicted by the diagram in
Fig. 2, reporting the composition of the studied DPPC/
LPPC/LPPCox mixtures. Each three-line crossing representsFig. 1. Sepharose 4B elution proﬁle of MLV preparations made of: —,
LPPC/LPPCox 2:1; — —, LPPC/LPPCox 1:2; – –, LPPCox (see also
Section 2.2).the composition of a DPPC/LPPC/LPPCox mixture, whose
percentages can be found on the triangle sides according to
the arrows at upper left. In the ﬁgure, the mixtures tested
are labelled with diﬀerent symbols to be explained by and
by in this section. Samples also contained 1% of either 16-
DSPC or 5-DSPC, and structural features described in
Fig. 2 are inferred from both EPR spectra scanned at 24 C
and gel-ﬁltration data. It is to be clariﬁed that this diagram,
based on the criteria established in [13,14], is used in a merely
qualitative way, in order to distinguish and partially charac-
terize diﬀerent coexisting membrane phases, just to show the
onset of lipid phase separation upon the presence of oxidized
phospholipids into the bilayer. At this stage, quantitation of
tie-lines composition is beyond the scope of this study, and
the object of a current research.
3.1. 5-DSPC labelled vesicles
Early aim of the present study was the determination of the
transition temperature of MLV containing oxidized phospho-
lipids in various percentages, with the ﬁnal purpose of character-
izing the eﬀect of membrane lipoxidation on the bilayer ﬂuidity.
That goal, sought for by using 5-DSPC labelled MLVs, was
hindered by the composite nature of EPR spectra from LPP-
Cox-containing MLVs as shown in Fig. 3, reporting EPR
spectra of DPC/LPPC/LPPCox 75/10/15 MLVs (labelled d
in Fig. 2). In fact, those EPR line-shapes clearly appear to
be the superimposition of two spectra with diﬀerent spin label
mobility suggesting the presence of two coexisting lipid phases.
EPR spectra from all DPPC/LPPC/LPPCox mixtures in zone
S, as further visible from more EPR spectra reported in
Fig. 4 (DPC/LPPC/LPPCox 90/5/5, labelled r in Fig. 2), show
similar line-shape conﬁrming the suggestion. On the contrary,
EPR spectra from pure DPPC MLVs spin labelled with
5-DSPC (not shown), were simple at all temperatures, as
expected, with EPR spectra allowing determination of the
transition temperature (Tm) at 39.4 C, in sharp agreement
with ref. [20]. Furthermore, and as a control, EPR spectra of
75/25/0 and 90/10/0 DPPC/LPPC/LPPCPox MLVs were
Fig. 4. EPR spectra of 5-DSPC labelled DPPC/LPPC/LPPCox 90:5:5
(by mole) MLVs at variable temperature (Fig. 2, r).
Fig. 3. EPR spectra of 5-DSPC labelled DPPC/LPPC/LPPCox
75:10:15 (by mole) MLV at variable temperature (Fig. 2, d).
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respectively.
Even though spectra in Figs. 3 and 4 show an abrupt ﬂuidity
change at 26 and 30 C for 75/10/15 and 90:5:5 DPPC/LPPC/
LPPCPox MLVs, respectively, they were judged inappropriate
for Tm measurements, while strongly indicating phase separa-
tion in oxidized lipid-containing MLVs.3.2. 16-DSPC labelled vesicles
In order to conﬁrm the existence of phase separation in
oxidized phospholipid vesicles, a more systematic study was
performed by the above cited method [13,14], by using 16-
DSPC as described below.
Pure lipid species. Stars (H) at the vertexes in Fig. 2 indicate
pure phospholipid species MLVs. While pure DPPC and
LPPC yielded turbid MLV suspensions as usual, showing
spheroid structures about 2 lm wide at the optical phase-con-
trast microscope, pure LPPCox promptly yielded perfectly
clear samples, without any particle visible by the same micro-
scopic examination, as expected in the case of micelles span-
ning a few nanometer width. The Sepharose 4B elution
pattern of this preparation revealed a broad band eluting
markedly later than the MLV peak does, in agreement with
the behaviour of structures smaller than those obtained from
pure DPPC and pure LPPC (Fig. 1).
Similar samples were obtained also with lower LPPCox per-
centage, down to 70–75%, with either DPPC or LPPC. These
preparations were not studied by EPR since we were not inter-
ested in structures diﬀerent from MLVs. Nonetheless, it is
important to note that this strikingly abnormal behaviour of
oxidized LPPC plays against membrane formation and is
indicative of the destructive potential of oxidized phospholip-
ids toward membranes. Of course, the property should be
attributed to the presence of hydrophilic groups in the lipids
oxidized chain [1,3].
EPR spectra of pure normal DPPC and LPPC MLVs are re-
ported in Fig. 5, panel B, top and bottom, respectively.
Binary mixtures. LPPC/LPPCox. A further decrease in
LPPCox percentage, below 70%, brings about diﬀerent eﬀects
depending on the saturation degree of the companion lipid. In
the case of binary LPPC/LPPCox mixtures (Fig. 2, +), turbid-
ity begins to appear between 70% and 40% LPPC. Sepharose
4B gel-chromatography shows that in these samples the micelle
broad distribution is accompanied by the MLVs peak, the
more the higher the LPPC percentage, until it becomes the
only elution pattern feature below 40% LPPCox (see Fig. 1).
EPR spectra of the puriﬁed MLVs, labelled with 16-DSPC,
are reported in Fig. 5 (panel A), at three diﬀerent tempera-
tures. The simpleness of spectra in panel A, as compared with
the standards in panel B, reveals complete mixing of the two
lipids at the selected temperatures. Lower temperatures were
also tested down to 4 C with the same results.
DPPC/LPPCox. Turbidity ﬁrst appears also in this case
with increasing DPPC percentage (Fig. 2, ·) above 30%, but
its nature proved diﬀerent from MLVs. In fact, while micelles
fade away with higher DPPC content, the preparation bulk
consists more and more in large aggregates, hardly penetrating
the Sepharose 4B column top. Taking an advantage of this,
preparations were pre-ﬁltered through a small bed of Sephadex
G50 Superﬁne, leaving inter-bead interstices calculated to
range between 3 and 12 lm, useful to separate the aggregates
Fig. 5. EPR spectra of A: 1% 16-DSPC in LPPC/LPPCox 2:1 puriﬁed vesicles at various temperatures; B: in MLVs made of either DPPC or LPPC
(labelled H in Fig. 2) or 1:1 mixture of both (Fig. 2, m) at 24 C.
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through Sepharose 4B yielded homogeneous MLV population,
the higher the DPPC percentage the higher the yield. The
method revealed that aggregates are the unique structure pres-
ent from about 50% up to 80% DPPC. As in the case of mi-
celles, we were not interested in this kind of structures,
which were routinely discarded. Nonetheless, and intriguingly
enough, phase-contrast microscopy revealed that those aggre-
gates were made of MLV clusters.Fig. 6. EPR spectra of DPPC/LPPC/LPPCox 16-DSPC spin labelled MLVs:
right.At DPPC/LPPCox ratio of 85:15, aggregates formation
drops to zero and only MLVs form, but with EPR spectra
markedly diﬀerent from both those of DPPC/LPPC 85:15
and those of LPPC/LPPCox 85:15 mixture. These spectra,
scanned at diﬀerent temperatures, are reported in Fig. 6.
As it can be seen, spectra in panel B (DPPC/LPPCox 85:15
MLVs) at lower temperatures are markedly diﬀerent from the
corresponding ones in panel C (LPPC/LPPCox 85:15) and A
(DPPC/LPPC 85:15), as well as from those of pure DPPCA, 85:15:0, B, 85:0:15, C, 0:85:15. Scanning temperature is indicated at
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spectra show marked duplicity, so that it can be concluded that
EPR spectra of DPPC/LPPCox 85/15 are two-component
spectra conﬁrming phase separation already suggested by
EPR spectra of 5-DSPC MLVs.
DPPC/LPPC. EPR spectra of DPPC/LPPC 85:15 in Fig. 6,
panel A (see also Fig. 2, m), reveal that mixing of the chosen
DPPC/LPPC phospholipid pair might not be complete at every
composition and temperature. In fact, more spectra of diﬀerent
mixtures at various temperatures, reported in Fig. 7, conﬁrm
that mixing is poorer with higher DPPC content and at lower
temperatures (spectra at 12 C, A and B).
These mixtures are to be considered as blank MLV samples,
in which substitution of LPPC with LPPCox mimics mem-
brane oxidation. The incomplete mixing of DPPC and LPPC
is neither a surprise nor a drawback, since it is similar to the
one observed for DPPC/DLPC (dilinoleoyl-lecithin) mixtures
[13,14], and displays a much lower eﬀect on EPR spectra than
LPPCox does. In fact, inspection of Fig. 7 reveals that neither
cooling nor DPPC percentage is able to give rise to the marked
spectral duplicity observed in the presence of LPPCox, credit-
ing attribution of the latter to lipid oxidation.
Ternary mixtures. This study is limited to MLV membrane
structures. Therefore, samples are prepared taking care to
avoid conditions prone to both aggregates and micelles forma-
tion. This is achieved with samples composition comprised in
the diagram areas marked S and H (Fig. 2). Spectral duplicity
was observed much better in MLV composed of ternary mix-
tures of DPPC/LPPC/LPPCox (Fig. 2, j), receiving further
conﬁrm. In these mixtures LPPCox percentage is kept constant
to 15% and DPPC is increasingly replaced by LPPC. EPRFig. 7. EPR spectra of DPPC/LPPC binary mixtures 16-DSPC spin labelle
Reference is made to MLV compositions labelled with m symbols in Fig. 2.spectra are reported in Fig. 8, at diﬀerent temperatures. The
presence of the more rigid component already observed in
DPPC/LPPCox 85:15 is better evidenced and clearly con-
ﬁrmed, particularly at lower temperatures and higher DPPC
percentage (upper left). In fact, this component is seen to van-
ish with higher LPPC percentage, as particularly evident from
EPR spectra reported in the column marked 12 C, and with
increasing temperature (75:10:15 row). A preliminary conclu-
sion is that lipid oxides bring about lipid phase separation in
rigid membranes, and that ﬂuid membranes, due to either high
temperature or acyl chain unsaturation, are protected against
the phenomenon.
On the other hand, oxidized phospholipids do not appear to
inﬂuence membrane ﬂuidity in already ﬂuid membranes, as
apparent from the data in Table 1. From this table it is seen
that LPPCox increase does not aﬀect 16-DSPC correlation
time (sc), [21], which remains remarkably ﬁxed at 0.87 ns as
LPPCox is increased from 0% to 33%. In the same table, sc
is seen to increase from 0.87 to 1.25 ns upon replacing LPPC
with DPPC, as expected, while replacement of LPPCox with
LPPC had no eﬀect. These measurements are in keeping with
the previously observed invariance of membrane ﬂuidity upon
lipoxidation in natural membranes and in MLV made of nat-
ural lipid extracts.4. Discussion
Since more than a decade, application of the concept of
homogeneous phase structure to natural and artiﬁcial mem-
branes is growingly questioned. The phenomenon of phased MLVs. A, 85:15; B, 75:25; C, 50:50, at the indicated temperatures.
Fig. 8. EPR spectra of 16-DSPC spin labelled MLVs composed of DPPC/LPPC/LPPCox as indicated at left, scanned at the indicated temperatures
(top). The central column refers to compositions labelled j in Fig. 2.
Table 1
Rotational correlation times of 16-DSPC in MLV with various
composition at 24 C
DPPC (mol%) LPPC (mol%) LPPCox (mol%) sc (ns)
0 100 0 0.88 ± 0.022
0 85 15 0.86 ± 0.019
0 67 33 0.87 ± 0.025
15 70 15 0.96 ± 0.018
35 50 15 1.15 ± 0.022
55 30 15 1.25 ± 0.024
50 50 0 1.25 ± 0.025
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sphingolipid-containing membranes, as coexisting phases char-
acterized by diﬀerent lipid composition and structure, named
‘‘lipid rafts’’ [22]. Membrane phase separation has also been
observed with mixtures of very diﬀerent chain length phospho-
lipids, and in the presence of proteins [22–24]. To now, knowl-
edge of phase separation eﬀectors and their mechanism is
limited, even if in some cases lipid segregation seems to be
based on poor miscibility of symmetrically/sterically incompat-
ible lipid molecules [22], or directed by protein presence [24].
Earlier criterion for two-phase coexistence in a membrane
was physical separation of a detergent-resistant domain [24],
yielding detergent-resistant membranes (DRM) as one of thetwo phases. DRMs were also characterized and extensively
studied by EPR spectroscopy [23]. Among the various spin
labels, 16-DSPC proved the best suited for detection and study
of coexisting lipid phases, and a method based on its use has
been recently developed and applied for the quantitative
determination of the phase diagram of lipid mixtures [13,14].
After adopting those criteria in our study, we consider
detection of spectral duplicity by this method as a deﬁnitive
evidence for two-phase coexistence in MLVs containing
oxidized phospholipid. Taking also into account the extensive
puriﬁcation protocol our membrane preparations underwent,
ensuring that a pure MLV population was dealt with, we inter-
pret our observations as evidence for lipid phase separation
following lipoxidation in our membranes.
Lipoxidation has been largely claimed as a membrane rigid-
iﬁcation factor, and an increase in the order parameter S is by
and large considered to be an appropriate indicator of
membrane oxidative stress. Nonetheless, as we already noted,
the S-value increase reported in those cases [11,12] was very
small, and too close to the experimental error threshold, and
to date such small variations in S are routinely taken as indic-
ative of membrane lipoxidation. Indeed, we never found signif-
icant S-value increase upon lipoxidation in our previous
studies. Data in Table 1, reporting sc values measured at
24 C from simple spectra, further conﬁrm our previous obser-
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routinely scanned at many more temperature values than
reported (4–40 C) in this paper. The shown spectra, scanned
at 12, 24 and 36 C, are enough to reveal that low temperature
enhances spectral duplicity, rendering impossible sc measure-
ment, as well as S-values from 5-DSPC spectra at low temper-
ature (Figs. 3 and 4). On the other hand, heating almost
completely removes spectral duplicity, eliciting a more ﬂuid
regime in the membrane, at higher temperatures with higher
DPPC percentage (Figs. 3 and 4). In this regime, ﬂuidity
remains unaﬀected by the presence of oxidized phospholipid
(Table 1).
In this context, the eﬀect of oxidized phospholipids in
membranes can be summarized as follows: lipoxidation gives
rise to lipid phase separation visible below a threshold temper-
ature dependent on the amount of saturated lipid, and has no
eﬀect on membrane ﬂuidity above this temperature. Our
previous reports of no eﬀect on natural membranes ﬂuidity
after oxidative stress in various conditions are thus conﬁrmed
and explained by considering that those measurements were
performed at room temperature, thus in a ﬂuid membrane
regime. Nonetheless, it remains to be ascertained whether in
oxidized natural membranes lower temperatures brings about
phase separation. This issue is currently being addressed in
our laboratory.5. Concluding remarks
The diagram in Fig. 2 is far to be completely and quanti-
tatively deﬁned, and its study too is under way in our lab-
oratory. Nonetheless, we can aﬃrm that three main
structure zones are possible depending upon phospholipid
composition when oxidized LPPCox is present in the studied
admixture. The upper zone, named M, is characterized by
micelle formation, and is incompatible with membranous
structure. This feature is indicative that development of high
amounts of phospholipid oxides brings about membrane dis-
ruption as already anticipated in previous articles [4–6]. The
area labelled H at lower right pertains to MLV containing
larger amounts of unsaturated phospholipid, and is charac-
terized by stable membranous structures, able to counterbal-
ance disruptive eﬀects from the presence of peroxidized
phospholipids. The area at lower left (S) is characterized
by membrane phase separation: two diﬀerently ﬂuid phases
coexist in the MLV membrane, one of which is apparently
more ﬂuid and, based on the miscibility of LPPC/LPPCox
binary mixtures, presumably consists in a LPPCLPPCox-rich
phase. The other phase, more rigid, should originate from
segregation of DPPC. In intermediate composition zones,
formation of such structures as aggregates (zone A in
Fig. 2) overlap with MLV and micelle forming mixed zones
with fading borderlines (labelled A&S, M&A, M&H).
In conclusion, our data demonstrate that the issues concern-
ing membrane ﬂuidity of peroxidized membranes cannot be
addressed by simplistically applying criteria adopted for
homogeneous membranes, especially when dealing with natu-
ral ones. The overspread usage of membrane ﬂuidity measures
tout-court in order to assess membrane oxidative stress results
to be inadequate and reductive in the light of the present
results. In fact, together with our EPR spectral anisotropystudies, our observations reveal that oxidative stress of
membranes gives rise to profound structural variations in the
phospholipid bilayer, which can be thought to have a heavy
impact on membrane functioning with much more important
implications than the mere diagnostic valence.
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